In this study, we discovered that shrimp miR-100 was up-regulated at 24 h after WSSV or Vibrio alginolyticus infection, confirming its participation in the innate immune system of shrimp. The antimiRNA oligonucleotide (AMO-miR-100) was applied to inhibit the expression of miR-100. After AMOmiR-100 treatment, the shrimp was challenged with WSSV or V. alginolyticus. The knockdown of miR-100 expression decreased the mortality of WSSV-infected shrimp from 24 h to 72 h post-infection and enhanced the mortality of V. alginolyticus-infected shrimp significantly. The knockdown of miR-100 affected phenoloxidase (PO) activity, superoxide dismutase (SOD) activity and total hemocyte count (THC) after the infection with WSSV or V. alginolyticus, indicating a regulative role of miR-100 in the immune potential of shrimp in the response to WSSV or V. alginolyticus infection. The knockdown of miR-100 induced the apoptosis of shrimp hemocytes, and V. alginolyticus + AMO-miR-100 treatment caused more hemocyte apoptosis than V. alginolyticus treatment. The miR-100 influenced also the morphology of shrimp hemocytes and regulated the phagocytosis of WSSV or V. alginolyticus. Thus, we concluded that miR-100 may promote the anti-Vibrio immune response of shrimp through regulating apoptosis, phagocytosis and PO activity and affects the progression of WSSV infection at a certain level.
. In a previous study, the crustacean viral pathogen white spot syndrome virus (WSSV) induced over-expression of host miR-100 13, 14 . And we found that 55 shrimp miRNAs were differentially expressed in response to V. alginolyticus infection 15 . MicroRNA-100 is exceedingly conservative, and its sequence is identical in model species, such as Mus musculus, Danio rerio, Homo sapiens, Xenopus tropicalis, Apis mellifera, and Bombyx mori. MicroRNA-100 (miR-100) has been confirmed to act as a tumor suppressor in various types of human cancer, including epithelial ovarian cancer, non-small cell lung cancer, colon cancer, hepatocellular carcinoma, glioblastoma, osteosarcoma, and colorectal cancer [16] [17] [18] [19] [20] [21] [22] . In an earlier investigation, the silencing of shrimp miR-100 expression caused an increase in the apoptotic activity of hemocytes and led to a further decrease in the number of viral genome copies in virus-infected shrimp 23 . Our previous study showed that miR-100 was over-expressed after Vibrio alginolyticus (V. alginolyticus) infection in shrimp 24 . Present in marine ecosystems, Vibrio sp. can infect not only invertebrates such as shrimps and crabs, but also vertebrates, including fishes and mammals. Vibrio sp. prefers hypersaline habitats, which makes Kuruma shrimp (Marsupenaeus japonicus), an important to humans species abundantly present in the ocean, the main victim of one of its main victims. WSSV is another lethal pathogen of Kuruma shrimps, and the infection caused by WSSV can lead to over 90% mortality in one week. In this study, we further explored the role of miR-100 in the innate immunity response of shrimp to WSSV or Vibrio infection.
Results
Identification of shrimp miRNAs response to WSSV or V. alginolyticus infection. Our results indicated that the expression of a number of miRNAs was significantly up-regulated 24 h after WSSV infection and down-regulated 24 h following V. alginolyticus infection (Fig. 1A) . However, the data showed that miR-100 expression was significantly up-regulated 24 h after the infection with WSSV or V. alginolyticus. Then northern blot analysis and Quantitative Stem-Loop real-time PCR were performed to validate the findings of the miRNA expression profiles obtained by microarray assay. The results confirmed that the miR-100 expression was indeed up-regulated 24 h after the infection with WSSV or V. alginolyticus (Fig. 1B,C) .
Loss of function of shrimp miR-100 by using anti-miRNA oligonucleotide. To further investigate the role of miR-100 in the innate immunity of shrimp, a loss-of-function analysis was performed by silencing of miR-100 expression with anti-miRNA oligonucleotide (AMO-miR-100) ( Fig. 2A,B) . The results showed that the miR-100 expression was inhibited by AMO-miR-100, and was influence by the AMO-miR-100-scramble at 24 h but soon recovered at 36 h, indicating the specificity of AMO-miR-100. Fig. 2A showed the inhibition effect at 36 h. Then, we conducted real-time Q-PCR to analyze the expression of eleven known immune-related genes (hemocyanin, IMD, L-lectin, MAPK, myosin, p53, proPO, Rab7, Rho, STAT and TNF). We choose these immune-related genes for their known function. Target genes and pathways of miRNA-100 were predicted by TargetScan and miRanda algorithms. The target gene of miRNA-100 is importin subunit alpha-3 and the pathway is protein transporter activity. This result makes no mean to our research, because we want to investigate the function of miRNA-100 only. The data revealed that hemocyanin was significantly (P < 0.01) up-regulated by the inhibition of miR-100, whereas myosin was significantly (P < 0.01) down-regulated (Fig. 2C ).
Effects of miR-100 knockdown on WSSV or V. alginolyticus infection. miR-100 was knocked down by AMO-miR-100, followed by WSSV challenge, to evaluate the effect of miR-100 on WSSV infection. The data showed that the treatment with AMO-miR-100 significantly decreased the mortality of WSSV-infected shrimp individuals and prolonged their lifespan from 24 h to 72 h post-infection when compared to that the life duration of the shrimp only challenged with WSSV (Fig. 3A) . This phenomenon indicates that the knockdown of miR-100 expression inhibits the infection with WSSV to a certain extent. To investigate the effects of miR-100 knockdown on the mortality of V. alginolyticus-infected shrimp group, the shrimp group treated with AMO-miR-100 was challenged with V. alginolyticus. The results revealed that the AMO-miR-100 treatment significantly (P < 0.01) elevated the mortality of V. alginolyticus-infected shrimp when compared to that of the group with V. alginolyticus challenge only (Fig. 3B ). These data indicate that miR-100 may contribute to the anti-Vibrio immune response of shrimp and affect the mortality of V. alginolyticus-infected shrimp.
Influence of miR-100 knockdown on phenol oxidase (PO) activity. After WSSV infection, the PO activity was clearly increased and over 10% higher than that in the PBS control (Fig. 4A) . It is noteworthy that no significant difference in PO activity was found between WSSV and WSSV + AMO-miR-100 groups in the first 24 h. However, the PO activity of WSSV + AMO-miR-100 group was significantly (P < 0.01) lower than that of the WSSV group 36 and 48 h post-treatment. This result showed that the knockdown of miR-100 weakened the PO activity after the WSSV infection, indicating that miR-100 can regulate the proPO system of shrimp in response to WSSV infection. After the infection with V. alginolyticus, the PO activity in the infected group was slightly higher than that in the PBS control, but no significant fluctuation was observed as infection time increased (Fig. 4B) . The PO activity of the V. alginolyticus + AMO-miR-100 group was significantly higher (P < 0.01) than that of the V. alginolyticus group at 12 h post-treatment. Within the interval from 24 h to 48 h post-treatment, the PO activity of the V. alginolyticus + AMO-miR-100 group deceased even further in comparison to that of the V. alginolyticus group. This result suggested that the knockdown of miR-100 affected PO activity after the infection with V. alginolyticus, indicating a regulative role of miR-100 in the proPO system of shrimp in response to V. alginolyticus infection.
Influence of miR-100 knockdown on superoxide dismutase (SOD) activity. After WSSV infection, the SOD activity of shrimp hemolymph was near 50% higher than control group at 12 h, at 24 h, the SOD activity dropped near 10% lower than PBS control group, and kept this trend to 48 h (Fig. 5A ). As the expression of miR-100 was inhibited, the SOD enzyme was not as active as WSSV infected group, significantly lower than WSSV group or PBS group at 24 h, 36 h, then slowly recovered at 48 h. After Vibrio. alginolyticus infection, the SOD activity of shrimp hemolymph dropped below control at 12 h, then raise over 1.5 times higher than PBS group 24-36 h, declined again at 48 h (Fig. 5B) . The SOD activity of shrimp hemolymph increased at 12 h, then as the knock-down effect of AMO-miR-100 started to work, at 36-48 h, the SOD activity smoothly increased, and showed a relatively lower SOD activity than that of Vibrio infected group. SOD activity of shrimp hemolymph was enhanced immediately after WSSV infection, but faded after 24 h, indicating the decrease of shrimp immunity. Inhibition of miR-100 weakened the SOD activity of shrimp hemolymph post WSSV infection immediately, indicating that the shrimp immunity was decreasing without miR-100. Meanwhile, after the Vibrio infection the SOD activity kept increasing in 12-36 h. In the lack of miR-100, the increase of SOD activity slowed down and was relatively lower at late stage. This result implied a positive role of miR-100 in shrimp immunity. Influence of miR-100 knockdown on total hemocyte count post infection. WSSV infection caused a decrease of shrimp THC in 12-24 h, raise a little at 36 h and dropped below control at 48 h (Fig. 6) . The inhibition of miR-100 leads to a higher THC, at 36-48 h, the THC number was significantly higher than WSSV only group. Meanwhile, after Vibrio alginolyticus infection, the THC was higher than control at 12 h, decreased at 24 h, at 36 h, the THC raised significantly beyond the control group and reach a maximum value, decreased again to an even number as control. After the expression of miR-100 was inhibited, the THC increased at 12 h compared to Vibrio only group, at 24-48 h, the THC decreased. Both WSSV and Vibrio could trigger the self-destruction process of apoptosis or phagocytosis to eliminate pathogen. The increasing of THC after miR-100 inhibition suggesting a negative role of miR-100 in anti-virus process. On the contrary, the decrease of THC suggesting a positive role of miR-100 in anti-bacteria process.
Influence of miR-100 knockdown on early-stage and late-stage apoptosis. Apoptosis assay of shrimp hemocytes with/without miR-100 knockdown was performed with detection by flow cytometry (FCM). In the PBS treatment, the percentage of Annexin V-positive hemocytes was 29.0% (Fig. 7A) , which was slightly higher than the normal value of the control group (Fig. 7B ) in a stabilized cell line of insect cells. We adjusted the pH of the EDTA anticoagulant, the PI dose, and the centrifugation parameters. Further, we minimized the progress time to avoid mechanical damage and reduce the early-stage apoptosis during the staining process. The vulnerability of shrimp hemocytes leads to the high extent of early-stage apoptosis and mechanical damage. Maximal efforts were exerted to minimize the damage and ensure the reliability of our results. The apoptosis of shrimp hemocytes increased substantially after their treatment with AMO-miR-100 for 36 h, showing that Fig. 4 . PBS was use as a control. The total hemocyte count (THC) of PBS was used as an index as 1, each column represents the relative value compared to PBS. Each treatment contained at least three shrimps, and was counted for at least three times. the knockdown of miR-100 would increase the apoptosis rate of shrimp hemocytes. Moreover, the apoptosis percentage of shrimp hemocytes treated with AMO-miR-100 was nearly two-fold higher than that of PBS treatment (Fig. 7G) , indicating that the lack of miR-100 can induce apoptosis in shrimp hemocytes. These findings suggest an essential role of miR-100 and the considerable influence of its negative regulation on the apoptosis of shrimp hemocytes. The apoptosis percentage of WSSV (Fig. 7C,H ) treatment was slightly higher (no significant difference) than WSSV + AMO-miR-100 treatment (Fig. 7D,H) , while the apoptosis percentage of the V. alginolyticus treatment was significantly higher (P < 0.05) than that of the V. alginolyticus + AMO-miR-100 treatment (Fig. 7E,F and H) . This result indicated that the negative regulation of miR-100 on apoptosis was more effective in V. alginolyticus-infected shrimp than in WSSV-infected shrimp.
Influence of miR-100 knockdown on cell morphology and phagocytosis. To observe the cell morphology of hemocytes, they were stained and analyzed under a confocal microscope, and then the phagocytosis was detected by flow cytometry. The results showed that, in comparison with the control group, the cell extension of AMO-miR-100-treated hemocytes was not good as that of the control, and the cell morphology was abnormal, especially concerning the cytoskeleton (Fig. 8) . Therefore, miR100 influenced the stability of cell skeleton to a certain extent. In addition, the phagocytosis rate (16.1%) in WSSV + AMO-miR100 was slightly higher than that of the WSSV group (12.6%) (Fig. 9) . After the treatment with AMO-miR-100, the phagocytosis rate in the V. alginolyticus + AMO-miR-100 treatment (18.1%) was significantly higher (P < 0.01) than that in the V. alginolyticus group (9.5%). These data suggest that the knockdown of miR-100 would lead to more pronounced V. alginolyticus engulfing by phagocytes. This result indicates that miR-100 may negatively regulate the phagocytosis progress.
Discussion
Increasing evidence indicates that miRNAs participate in almost every step of cellular processes and are often aberrantly expressed in human cancer [3] [4] [5] [6] . Reportedly, miR-100 is involved in the tumorigenesis and tumor progression of several cancer types [16] [17] [18] [19] [20] [21] [22] . Moreover, shrimp miR-100 exerts important functions in the innate immunity and regulates the process of apoptosis in response to virus infections 23, 25 . Through small RNA sequencing, miR-100 was found to be over-expressed after infection with V. alginolyticus 15 . Hence, our study contributes to elucidating the role of miR-100 in shrimp immune response to WSSV and V. alginolyticus infections.
In loss function experiment, we found there were two genes, among multiple major immune related genes, were influenced by the knock-down of miR-100. Hemocyanin, and Myosin. Previous research has shown that hemocyanin is an important respiratory protein which transports oxygen throughout the bodies of shrimps 26 and might be involved in their resistance to pathogenic infections [27] [28] [29] [30] . The data obtained in this study indicated that hemocyanin expression was regulated by miR-100. Myosin is a cytoskeleton protein which regulates multiple processes, such as material transport, muscle contraction, cell division and phagocytosis 31, 32 . However, myosin is mostly known for its essential role in muscle construction and motility processes. In a previous study, the light chain of myosin was extracted from shrimp 32 . The findings of the investigation confirmed that shrimp myosin responded to virus invasion and was involved in the regulation of hemocytic phagocytosis. The roles of phagocytes and phagocytosis were crucial in the response of the innate immune system, and the down-regulation of myosin under AMO-miR-100 treatment suggested a potential influence of miR-100 on phagocytosis.
Recently, many studies have confirmed that miR-100 can regulate multiple genes to induce the cell apoptosis in many types of mammalian cell lines. There is a growing body of evidence that miR-100 inhibits the progression of apoptosis in human cancer cells through multiple pathways. Shrimp miR-100 was found to be an inhibitor in the apoptosis process of shrimp hemocytes in previous report 23 . Our research presented a similar conclusion, in contrast to the mechanism for control of apoptosis in human tumor cells, miR-100 negatively regulates the process of apoptosis in shrimp hemocytes. Our results revealed that WSSV infection would inhibit this negative regulation but V. alginolyticus infection would not.
To explore other effect of miR-100 on shrimp innate immunity, several functional parameters for evaluating the immune potential have been detected. In WSSV-infected shrimps, as the miR-100 expression was inhibited, the PO activity and SOD activity was significantly decreased. In V. alginolyticus infected shrimps, the PO activity was slightly increased at early stage, and SOD activity was relatively lower and showed a less activity increasing trend. The less effective function of PO and SOD implying a positive role of miR-100 in the anti-virus and anti-Vibrio respond. The THC post WSSV infection increased under miR-100 knock-down, while the THC post V. alginolyticus infection decreased. The same results were obtained in the apoptosis analyze. The mortality of V. alginolyticus-infected shrimps was also elevated. Meanwhile, the knockdown of miR-100 resulted in an increase in the phagocytosis rates of both WSSV-infected and V. alginolyticus-infected shrimps. This result indicated that miR-100 also inhibited the phagocytosis ability of shrimp hemocytes.
Synthesized into a conclusion, these findings indicate that shrimp miR-100 plays an essential role in the innate immune system of shrimp. miR-100 promotes the anti-Vibrio immune response of shrimp through regulating THC, apoptosis, phagocytosis, and PO activity. Furthermore, it exerts an influence on WSSV infection at a certain level via controlling SOD activity, hemocyte phagocytosis and PO activity.
Methods
Shrimps and tissue preparation. Total of healthy adult M. japonicus individuals were obtained from the seafood market of Hangzhou, Zhejiang, China. The hemocytes were collected from infected and uninfected shrimps. The samples were immediately used for RNA extraction to prevent total RNA degradation 15 .
WSSV and V. alginolyticus preparation. WSSV (GenBank accession no. AF 332093.1) was purified and used in a challenge experiment as previously described 33 . V. alginolyticus was cultured and used to challenge the shrimps accord to a protocol reported earlier 34 .
Sequencing of small RNAs. Total RNAs were extracted from the hemocytes of the infected and uninfected shrimps at 24 h and 48 h post-infection by using a miRNA isolation kit (Ambion, USA) in accordance with the manufacturer's protocol. The next steps were performed following the guidelines outlined in a previously mentioned report 15 .
Northern blotting of miRNAs. The small RNAs were extracted from shrimp hemocytes using mirVana miRNA isolation kit (Ambion, USA) according to the manufacturer's manual. The concentration of the small RNA was measured using NanoDrop, and 3 mg small RNAs per sample were used for Northern blotting as previously described 15 .
In vitro loss-of-function assay of shrimp miR-100. To silence the expression of miR-100(AACCCG-TAGATCCGAACTTGTG), the anti-miRNA-100 oligonucleotide (AMO-miR-100) was injected into each shrimp at a dose of 0.15 mM/shrimp. As a control, the sequence of AMO-miR-100 was scrambled, and shown as AMO-miR-100-scramble. The AMO-miR-100-scramble (0.15 mM/shrimp) and phosphate buffered saline (PBS) were included in the injections. To avoid the degradation of AMO-miR-100 or AMO-miR-100-scramble, the oligonucleotides were sequentially injected into the same shrimp three times within a 24-h interval. Twenty-four hours after the last injection, the shrimp hemocytes from three random shrimp individuals were mixed and subjected to Northern bolt and phagocytosis assays. All the assays described above were biologically repeated three times.
Quantitative real-time PCR. Total RNA of hemocytes was extracted by Easy spin tissue/cell RNA extra kit (Aidlab, China) following the protocol of manufactures. Experiments were performed in triplicates, and at least three shrimps were analyzed for each type of tissue. Less than 200 μ g total RNA was used for cDNA synthesis by ReverTra Ace qPCR RT Master Mix with gDNA Remover Code: FSQ-301 (Toyobo, Japan). The cDNA was stored at −20 °C. A SYBR Green qRT-PCR assay was carried out in a Bio-Rad Two Color Real-Time PCR Detection System, and the data were calculated accord to the 2− Δ Δ CT comparative CT method using Microsoft Office Excel 2007, with the amplification of GAPDH as an internal control. Designing and synthesizing of the qRT-PCR primers were entrusted to Generay Shanghai Company, based on the open read frame (ORF). The primer sequences for SYBR Green RT-PCR are shown in Table 1 .
Quantitative real-time PCR of miRNA. Total RNA of hemocytes was extracted by mirVana TM miRNA Isolation Kit (Thermo Fisher Scientific, USA) following the protocol of manufactures. Experiments were performed in triplicates, and at least three shrimps were analyzed for each type of tissue. Less than 200 μ g total RNA was used for cDNA synthesis by TaqMan TM MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific, USA). The reverse transcription primer of miR-100 and real-time PCR primers of miR-100 and U6 were designed based on Stem-Loop miRNA primer design principle, the sequences were showed in Table 1 . The cDNA was stored at −20 °C. A SYBR Green qRT-PCR assay was carried out in a Bio-Rad Two Color Real-Time PCR Detection System, and the data were calculated accord to the 2− Δ Δ CT comparative CT method using Microsoft Office Excel 2007, with the amplification of U6 as an internal control.
Shrimp mortality analysis. Shrimp (over 20 individuals) were injected intramuscularly with
AMO-miR-100 in the lateral area of the fourth abdominal segment. Twelve hours later, the treated shrimps were injected with 0.1 mL of filtrate (10 5 WSSV copies/mL) containing AMO-miR-100 by using a syringe with a 29-gauge needle. As controls, shrimps (over 20 individuals) were injected with PBS only or WSSV only. After the last injection, the mortality of shrimps was monitored every day.
Total Hemocyte Count analysis. Approximately 1.0-1.5 mL shrimp hemolymph was collected using an anticoagulant soaked syringe, together with equal volume anticoagulant (450 mM NaCl, 10 mM EDTA-Na2, 10 mM HEPES, pH 7.3, 850 mOsm/kg) 35 . The mixture was kept on ice. Add 1/3 volume 4% paraformaldehyde to immobilize the hemocyte, and then count THC using hemocytometer by phase contrast microscope (Nikon, ECLIPSE Ti-S, Japan). Based on the calculate method of the hemocytometer plate, the THC of each group presented the total hemocyte count in 1 mL hemolymph.
Phagocyte rate counting by flow cytometry. After purchase, the shrimps were stored in ice-cold sea water until use. Then, the shrimps were sterilized with 70% alcohol, and hemolymph was withdrawn and mixed 1:1 in a disposable syringe containing 20 mM EDTA. Next, to collect hemolymph cells, the samples were centrifuged at 2000 rpm x 10 min at 4 °C. The cells were gently suspended thoroughly with high salty PBS under aseptic conditions, the cell count number was determined by an auto cell counter, and their density was adjusted to 3-5 × 10 6 . The separate cells were divided into three equal tubes used as a control, WSSV, and VA group, respectively. FITC-labeled WSSV or VA was added in the hemolymph cells accord to the procedure described in a previous report 36 . Further, the samples were set still for 20 min, after which, the extra pathogens were washed with PBS 3 times, and 500 μ L of PBS with 1% PFA (paraformaldehyde) was added for conducting the flow cytometry test.
Phenol oxidase (PO) activity analysis. To determine the influence of miR-100 on shrimp PO activity, healthy shrimps were divided into five groups: three groups were treated with PBS, WSSV, and V. alginolyticus, respectively, while the other two groups were treated with a mixture of AMO-miR-100 and pathogens (WSSV + AMO-miR-100 and V. alginolyticus + AMO-miR-100, respectively. At different time points post-injection, the hemolymph of each group was obtained and centrifuged at 300 g for 10 min to separate the hemocyte cells and the serum. Equal volumes of serum (10 μL) of each group were incubated with 10 uL of L-DOPA in 80 μL saline for 15 min at room temperature. The incubated serums were applied to measure the PO activity using a BioRad spectrophotometer with detection at a wavelength of 490 nm.
Superoxide Dismutase(SOD) activity analysis. Shrimp hemolymph of each group was extracted for SOD extraction. 100ul hemolymph was homogeneous mixed with 0.5 ml phosphate buffer (PB, 50 mM, pH7.8), then centrifuged at 5724 × g for 5 min, 4 °C. The supernatant was separated into a clean new tube, followed by 65 °C heating for 5 min, then centrifuge for 5 min. Separated the new supernatant, and store at − 20 °C for further assay. To avoid protein degeneration, samples were kept on ice always.
Scientific RepoRts | 7:42334 | DOI: 10.1038/srep42334 SOD activity was determined using Nitro blue tetrazolium method (NBT) created by Beauchamp 37 and improved by Bewley 38 In this method, 0.05 ml pre-extracted hemolymph SOD sample of each treatment was added into 0.95 ml reaction mixture (0.1 mM EDTA, 13 μ M methionine, 0.75 mM NBT, and 20 μ M riboflavin, in 50 mM PB, pH 7.8) in a pellucid clean 1.5 ml tube. To activate the photo-reduction of riboflavin, put the tubes under 4000Lx fluorescent light for 1-2 min, or until OD560 of control tube (replace SOD sample with 50 μ l PB) reached 0.2-0.25.
The specific SOD activity unit was defined as the enzyme amount that can induce half reaction rate of the initial reaction rate (without enzyme). The formula below was applied to calculate SOD activity units. SOD unit of PBS groups were used as an index to compare the different effect of treatments on the SOD activity. The results were expressed as Relative SOD activity.
SOD activity unit = (OD560control-OD560sample)/50% OD560control * dilution ratio Apoptosis analysis with Annexin V. Apoptosis assay of shrimps with/without miR-100 knockdown was Statistical analysis. The data from three independent experiments were analyzed by one-way analysis of variance (ANOVA) to calculate the mean and standard deviation of the triplicate assays. The differences between the different treatments were analyzed by t-test.
